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A B S T R A C T
Objectives: Matrix metalloproteinases (MMPs) are dentinal endogenous enzymes claimed to have a vital role in
dentin organic matrix breakdown. The aim of the study was to investigate presence, localization and distribution
of MMP-7 in sound human dentin.
Methods: Dentin was powdered, demineralized and dissolved in isoelectric focusing buﬀer. Resolved proteins
were transferred to nitrocellulose membranes for western blotting (WB) analyses. For the zymographic analysis,
aliquots of dentin protein were electrophoresed in 12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis containing ﬂuorescently labeled gelatin. Further, the concentrations of dentinal MMPs were measured
using Fluorescent Microsphere Immunoassay with a human MMP-MAP multiplex kit. Pre- and post-embedding
immunolabeling technique was used to investigate the localization and distribution of MMP-7 in dentin. Dentin
was cryo-fractured, the fragments partially decalciﬁed and labeled with a primary monoclonal anti-MMP-7 and a
secondary antibody conjugated with gold nanoparticles. MMP-7 labelings were identiﬁed in the demineralized
dentin matrix as highly electron-dense dispersed gold particles.
Results: WB and zymographic analysis of extracted dentin proteins showed presence of MMP-7 (∼20–28 KDa).
Further, MMP-7 was found in the supernatants of the incubated dentin beams using Fluorescent Microsphere
Immunoassay. FEI-SEM and TEM analyses established MMP-7 as an intrinsic constituent of the human dentin
organic matrix.
Conclusion: This study demonstrated that MMP-7 is an endogenous component of the human dentin ﬁbrillar
network.
Clinical signiﬁcance: It is pivotal to understand the underlying processes behind dentin matrix remodeling and
degradation in order to develop the most optimal clinical protocols and ensure the longevity of dental re-
storations.
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1. Introduction
Matrix metalloproteinases (MMPs) are a family of zinc-dependent
proteolytic enzymes involved in the degradation of extracellular matrix
components (ECM) in various tissues, including dentin. This de-
gradative activity is essential for normal physiologic processes.
However, increase or uncontrolled activity may occur in pathologic
conditions [1]. Currently, 23 MMPs possessing various catalytic prop-
erties have been identiﬁed. Based on homology and substrate speciﬁ-
city, they are classiﬁed into six groups: collagenases, gelatinases, stro-
melysins, matrilysins, membrane-type MMPs (MT-MMPs) and other
MMPs [2].
Although human odontoblasts express a wide spectrum of at least
17MMPs [3], not all of MMPs have been identiﬁed in dentin. These
dentin MMPs include the gelatinases MMP-2 and MMP-9 [4,5], col-
lagenase MMP-8 [6,7], stromelysin MMP-3 [8] and enamelysin MMP-
20 [6,7]. These MMPs are believed to participate in practically all
dental hard tissue pathologies, including dentinal caries [9,10], de-
gradation of the resin-dentin interface of resin composite restorations
[11] and dentin erosion [12]. In particular, MMP-2 and MMP-9 are
important in caries progression [13,14] and degradation of the resin-
dentin interface [10,15–17].
Matrilysin-1, also known as MMP-7, possesses proteolytic activity
against a wide range of ECM components, many of which also exist in
dentin. This protease interacts with proteoglycans and their glycosa-
minoglycan chains, resulting in catalysis of speciﬁc substrates [18].
Matrix metalloproteinase-7 has the ability to activate several other la-
tent collagenolytic MMPs, including MMP-2 and MMP-9 [19–21]. While
the expression and activity of MMP-2 and MMP-9 in dentin have al-
ready been reported, information on the presence and activity of MMP-
7 in dentin tissues is lacking. Accordingly, the objective of the present
study was to assess the distribution of MMP-7 in sound human dentin
using correlative zymographic, biochemical and immunohistochemical
techniques.
2. Materials & methods
2.1. Preparation of mineralized dentin powder
Six extracted human third molars were obtained from anonymous
subjects following their signed consent under a protocol approved by
the University of Trieste, Italy. After the extracted teeth were ground
free of enamel, pulpal soft tissue and cementum, they were reduced to a
ﬁne powder by freezing the dentin fragments in liquid nitrogen and
triturating them using a steel mortar/pestle (Reimiller, Reggio Emilia,
Italy). The dentin powder of the six teeth was mixed, dried and kept
frozen until use.
2.2. Demineralization procedures
The dentin powder was demineralized with 10% phosphoric acid for
10min under constant agitation. After adding 5 N NaOH to buﬀer the
phosphoric acid, the mixture was agitated and centrifuged for 20min
(20,800g) at 4 °C, re-suspended in distilled water and re-centrifuged
(20min 20,800g at 4 °C). The water was discarded and the precipitate
was left to air-dry at ambient temperature.
2.3. Protein fractionation by isoelectric focusing
In isoelectric focusing, proteins are separated based on their iso-
electric points using electrophoresis. The demineralized dentin powder
was suspended overnight at 4 °C in 2.5 mL of isoelectric focusing buﬀer,
consisting of 7M urea, 2M thiourea, 5 mM dithiothreitol (DTT), 4%
(w/v) Chaps and 2% (v/v) Pharmalyte, pH 3–10; Thermo Fisher
Scientiﬁc, Waltham, MA) to extract proteins. The extracted proteins
were recovered by centrifugation (21,000g for 30min at room
temperature). The supernatant was loaded into the MicroRotofor (Bio-
Rad Laboratories, Hercules, CA), and electrophoresis was performed for
3 h at 1W and 20 °C, according to the manufacturer’s instructions. The
recovered proteins were subsequently dissolved in 30 μL of sodium
dodecyl sulfate buﬀer, boiled for 5min and subjected to mono-dimen-
sional electrophoresis. Resolved proteins were transferred to ni-
trocellulose membranes (Bio-Rad) for Western blot.
2.4. Western blot for MMP-7
Membranes were stained with Ponceau red (MilliporeSigma, St.
Lois, MA) and cut in order to separate the molecular weights corre-
sponding to MMP-7. The membranes were blocked for 90min with 5%
bovine serum albumin solubilized in Tris-buﬀered saline containing
0.1% Tween-20 (pH 7.5; TBS-T) and incubated overnight at 4 °C with a
primary anti-MMP-7 antibody (Calbiochem, San Diego, CA) diluted
1:200 in TBS-T. The membranes were subsequently washed 3 times for
a total of 15min in TBS-T and incubated with a secondary antibody
(horseradish peroxidase-conjugated anti-mouse IgG, MilliporeSigma)
diluted 1:50,000 in TBS-T. After incubation with the secondary anti-
body, the membranes were washed in TBS-T 3 times for 15min and
incubated with enhanced chemiluminescence detection reagents (GE
Healthcare, Chicago, IL). Images were acquired with Kodak image
station 2000R (Kodak, Rochester, NY).
2.5. Zymography
The demineralized powder was suspended in 1mL of extraction
buﬀer (50mM Tris–HCl, pH 6, containing 5mM CaCl2, 100mM NaCl,
0.1% Triton X-100) for 24 h at 4 °C under constant agitation. The
samples were then subjected to sonication for 10min in cold water (at
≈30 pulses) and consecutively centrifuged for 20min at 4 °C (20,800g).
The supernatant was collected and recentrifuged (20min at 4 °C,
20,800g) as to remove any remnants of the powder. After centrifuging,
proteins in the supernatant were precipitated using VIVASPIN
10,000 Da centrifugal concentrators (Millipore) at 25 °C, 3 times for
30min at 25 °C (15,000g).
The total protein concentration of the extracts was determined using
the Bradford assay. Laemmli sample buﬀer was used to dilute dentin
protein aliquots in a 4:1 ratio. Electrophoresis was performed under
non-reducing conditions using 12% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) containing 1mg/mL 2-
methoxy-2,4-diphenyl-3(2 H)-furanone-labeled ﬂuorescent gelatin
[22]. SDS-PAGE pre-stained low-range molecular weight standard (Bio-
Rad) was used as molecular-weight marker. After electrophoresis, the
gels were washed for 1 h in 2% Triton X-100 and incubated in the ac-
tivation solution (50mmol/L Tris-HCl, 5 mmol/L CaCl2, pH 7.4) for
48 h. The gels were photographed under UV illumination (Gel Doc XR
System, Bio-Rad). For inhibition of proteolytic activities, one gel was
incubated in the aforementioned buﬀer in the presence of 2mM 1,10-
phenanthroline (MillioporeSigma), an MMP inhibitor, and another gel
was incubated in the presence of 10 μM E-64 (MilliporeSigma), a cy-
steine protease inhibitor.
2.6. Multiplexed ﬂuorescent bead-based immunoassay
Ten additional extracted human third molars were used for this part
of the experiment. The enamel and superﬁcial dentin of each tooth were
removed using an Isomet saw (Buehler Ltd., Lake Bluﬀ, IL) under water
cooling. Ten mid-coronal dentin beams (6×2×1mm) were sec-
tioned. The beams were completely demineralized in 10% phosphoric
acid for 24 h at 4 °C. Each beam was further incubated with 1mL of
extraction buﬀer (50mM Tris–HCl pH 6, containing 5mM CaCl2,
100mM NaCl, 0.1% Triton X-100, 0.1mM ZnCl2) for 24 h. The speci-
mens were subsequently centrifuged, and supernatants were collected.
The concentrations of dentinal MMP-2, MMP-3 and MMP-7 were
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measured using Fluorescent Microsphere Immunoassay with a human
MMP-MAP multiplex kit (R&D Systems, Inc., Minneapolis, MN).
Following the manufacturer’s instructions, reagents and the super-
natants from each beam were pipetted into wells in duplicate and in-
cubated for 2 h at room temperature with speciﬁc pre-coated antibodies
on color-coded magnetic microparticles. Unbound biotinylated anti-
body were then washed and streptavidin–phycoerythrin conjugate
(streptavidin–PE) was added to each well and incubated for 30min at
room temperature. After a ﬁnal wash to remove unbound
streptavidin–PE, the microparticles were re-suspended in buﬀer and
measured using a Luminex1 200TM Analyzer (Luminex Systems,
Northbrook, IL) and associated software. The robust mean and the
median ﬂuorescence intensity from 100 microspheres of each set were
calculated. After ﬁtting of the standard curves (5 parameters ﬁtting
program), concentrations were calculated using the MILLIPLEX Analyst
software (Merck Millipore, Burlington, MA). Data were analyzed with
one-way ANOVA and post-hoc Tukey multiple comparison procedures
after conﬁrming the normality and homoscedasticity assumptions of the
data sets. Statistical signiﬁcance was ore-set at α = 0.05.
2.7. Immunohistochemical identiﬁcation of MMP-7
An additional ﬁve human sound third molars were cryo-fractured
after immersion in liquid nitrogen to produce smear layer free dentin
specimens. Five major fragments were selected from each tooth under
stereomicroscope (Zeiss Stemi 2000-C, Carl Zeiss Jena GmbH, Jena,
Germany) and randomly assigned to a pre-embedding or a post-em-
bedding labeling technique in accordance with a previously-reported
technique [4,8]
2.7.1. Pre-embedding ﬁeld emission in-lens scanning electron microscopy
(FEI-SEM)
The specimens were partially decalciﬁed in 0.5 M ethylene diamine
tetraacetic acid (EDTA; pH 7.4) for 30min at 25 °C, rinsed with distilled
water, immersed in 0.05M Tris HCl buﬀer solution (pH 7.6) 3 times for
3min, pre-incubated in normal goat serum (British BioCell
International, Cardiﬀ, United Kingdom) in 0.05M TBS (pH 7.6) at room
temperature for 30min, and incubated overnight with anti-MMP-7
primary antibody (Calbiochem; dilution 1:100 in 0.05M TBS, pH 7.6)
at 4 °C. After extensive rinsing in 0.05M TBS (pH 7.6) and 0.02M TBS
(pH 8.2) (both 3 times for 3min), gold labeling was performed using
secondary antibodies. The latter comprised goat anti-mouse IgG con-
jugated with 15 nm colloidal gold nanoparticles (British BioCell
International; dilution 1:20) in 0.02M TBS (pH 8.2) at room tempera-
ture for 90min. After immunostaining, the specimens were rinsed in
0.02M TBS (pH 8.2) 3 times for 3min, ﬁxed with 2.5% glutaraldehyde
in 0.15M cacodylate buﬀer (pH 7.2) for 4 h, rinsed in 0.15M cacody-
late buﬀer, dehydrated in ascending ethanol series (50%, 70%, 90%,
95%, 100%), and dried by gradually adding drops of hexamethyldisi-
lasane into the 100% ethanol, followed by full immersion of the spe-
cimen in hexamethyldisilasane [23]. The chemically-desiccated speci-
mens were mounted on aluminum stubs, carbon coated and examined
using FEI-SEM (JSM 890, JEOL Ltd., Tokyo, Japan) at 7 Kv and
1×10−12 Amp. Images were obtained, using a combination of back-
scattered and secondary electron from areas considered as re-
presentative for each specimen.
2.7.2. Post-embedding transmission electron microscopy (TEM)
Dentin fragments assigned to the post-embedding technique were
decalciﬁed using 4.13% EDTA for 3 months followed by washing with
0.1 M cacodylate buﬀer (pH 7.2). The decalciﬁed specimens were de-
hydrated in ascending ethanol series (30%, 50%, 70%, 80%, 90%,
100%) and embedded in LR White resin (London Resin, Berkshire, UK).
Eighty-nanometer-thick sections were cut with an ultramicrotome
(Reichert Jung Ultracut, C. Reichert AG, Vienna, Austria) and mounted
on formvar carbon-coated nickel grids. The mounted tissue sections
were immunohistochemically labeled in accordance with the post-em-
bedding technique reported by Mazzoni et al. [4]. Firstly, as to remove
the superﬁcial layer of resin and uncover the collagen, the specimens
were etched with meta periodate in saturated solution for 30min,
washed in distilled water (3 times for 3min), then treated with 0.1M
HCl for 10min and washed in distilled water (3 times for 3min). Im-
munolabeling was performed in the same manner as described for the
pre-embedding technique using the same primary antibody for MMP-7,
followed by the colloidal gold-conjugated secondary antibody. Grids
were stained with 4% uranyl acetate (15min) and Reynold’s lead ci-
trate (15min) for examination with a JEOL 1010 TEM at 60 kV.
2.7.3. Controls
Controls were processed in accordance with a previously-reported
technique [4,8]. The dentin specimens were ﬁrst incubated only in
0.05M TBS (pH 7.6) without the primary antibodies overnight, and
subsequently with the secondary antibody. This was followed by im-
mersion of the specimens in a proteolytic agent (5% sodium hypo-
chlorite) for 30min, which was followed by extensive rinsing with
distilled water. The proteolytic agent was applied on the partially-de-
mineralized dentin surface prior to the immunohistochemical staining
to remove the organic matrix for demonstrating the absence of primary
and secondary antibodies.
3. Results
3.1. Western blotting for MMP-7
Western-blot revealed intense expression of MMP-7, as demon-
strated by a strong band at approximately 25 kDa. This band corre-
sponded with the MMP-7 pro-form (Fig. 1a). Expression of MMP-7 was
diﬀerent at diﬀerent pH values; pH values from 6 to 9 were found to be
optimal for the extraction of MMP-7 (Fig. 1a).
3.2. Zymography
Gelatinolytic activities expressed by the investigated groups are
shown in Fig. 1b. Mineralized dentin powder and the gel incubated in
the buﬀer in the presence of E-64 showed enzymatic activity corre-
sponding to the molecular weight of pro-form and active forms of MMP-
Fig. 1. (a) Western blot analysis. Immunoreactivity against monoclonal anti-
human MMP-7 detected as a strong band at approximately 25 kDa corre-
sponding to MMP-7 pro-form at pH 3 – pH 11; (b) Dentin extract analyzed by
gelatin zymography. The molecular masses are expressed in kDa and reported
in STD lane. Gelatinolytic activity detected at 20-25-kDa, corresponding to the
molecular weight of proMMP-7. No gelatinolytic activity was observed after
incubation in 2mM 1,10-phenanthroline, however, the activity was present
when the gel was incubated with cysteine protease inhibitor (10 μM E-64).
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7. The gel incubated with 1,10-phenanthroline showed no enzymatic
activity. The speciﬁcity of the zymographic assay was veriﬁed because
gelatinolytic activity was inhibited only by the MMP inhibitor and not
by the cysteine protease inhibitor.
3.3. Multiplexed ﬂuorescent bead-based immunoassay
The amount of extractable MMP-2, -3 and -7 is presented in Fig. 2.
The amount of MMP-2 was signiﬁcantly higher than that of MMP-3 or
MMP-7 (p < 0.05). There was no signiﬁcant diﬀerence between the
levels of extracted MMP-3 and MMP-7.
3.4. Immunohistochemical identiﬁcation of MMP-7
Positive immunolabeling for MMP-7 was identiﬁed using FEI-SEM
from partially-decalciﬁed dentin surfaces. Gold nanoparticles appeared
as spherical white marks of approximately 15 nm in diameter (Fig. 3).
The MMP-7 was predominantly localized along the collagen ﬁbrillar
network and appeared to be anchored to the collagen ﬁbrils (Fig. 3a–c).
Examination of post-embedded specimens with TEM revealed im-
munoreactivity for MMP-7, with the gold nanoparticles appearing as
black spherical spots of approximately 15 nm in diameter (Fig. 3d–f).
The immunoreaction appeared to be randomly distributed across the
intertubular dentin. For both FEI-SEM and TEM examination, a similar
distribution for MMP-7 was identiﬁed from the coronal and radicular
dentin. No immunohistochemical staining was observed from the con-
trol specimens, which was indicative of the absence of cross-reactions
between the secondary antibodies and the dentin organic matrix
(control #1), or between the secondary antibodies and the inorganic
phase (control #2) (data not shown).
4. Discussion
The present study was the ﬁrst to reveal the presence and dis-
tribution of MMP-7 in human dentin using immunohistochemical and
biochemical assays. Matrilysin-1, also known as MMP-7, is the smallest
member of the MMP family because it lacks the C-terminal hemopexin
domain common to other MMPs. It has a molecular weight of 28 kDa,
which can be activated into active species of 21 and 19 kDa by pro-
teolytic removal of the pro-domain from the N terminus [24]. This
metalloproteinase possesses a broad substrate spectrum and displays
strong proteolytic activity against a wide range of ECM components,
some of which also exist in dentin. These include proteoglycans, ﬁ-
bronectin, gelatin, laminin, elastin, tenascin-C, ostenectin, osteopontin,
fetuin and type IV collagen [25–31].
To better understand the speciﬁc role of MMP-7 in mature human
dentin, it is important to clarify its distribution and function in relation
to other dentinal MMPs, which might be structurally and/or function-
ally associated. In the present study, the amounts of extractable MMP-7
and MMP-3 were about two-fold lower than the amount of MMP-2; the
latter has been reported as the most abundant MMP in dentin [32].
Having previously identiﬁed the presence and distribution of MMP-3 in
human dentin using immunohistochemical and biochemical assays [8],
the authors have observed similarities between MMP-7 and MMP-3.
Both MMPs showed a similar distribution in dentin and appeared to be
attached to the collagen ﬁbrils within the collagen ﬁbrillar network.
Interestingly, MMP-7 and MMP-3 share a number of substrates, some of
which may have implications in peritubular dentin mineralization, such
as fetuin-A [31,33–35]. Recently, Schure et al. [31] demonstrated that
both MMP-7 and MMP-3 can degrade fetuin, although MMP-7 is about
three-fold more eﬀective. Since fetuin is one of the best serum inhibitors
of ectopic calciﬁcation and the most abundant serum protein in dentin
[34], MMP-7 and -3 can work in concert to reduce the inhibition of
mineralization by fetuin. Fetuin is also a regulator of MMP-2 and MMP-
9 activities, because it can change the pro-form of these enzymes into
the active form. Such a process prevents autolysis of those MMPs and
protects their activities [32,33,35,36]. Accordingly, one may hypothe-
size that the degradation/activation interplay of MMP-7 and MMP-3
with fetuin and MMP-2 and MMP-9 plays a physiological role in peri-
tubular dentin mineralization. This hypothesis has to be tested in future
studies.
Apart from the ability of MMP-7 to degrade various non-collagenous
ECM components, MMP-7 also has the ability to activate several other
latent collagenolytic MMPs, including MMP-2, MMP-9 and MMP-8
[19–21]. Thus, two mechanisms may be responsible for the involve-
ment of MMP-7 in physiological and pathological conditions: the direct
eﬀects of MMP-7 proteinase activity and the indirect eﬀects of MMP-7
related to the activation of MMP-2, MMP-9 and MMP-8. The latter is
particularly important since activated MMP-2 and MMP-9 are type I
collagen telopeptidases [10,37,38] that enable the access of true col-
lagenases to the catalytic site on the collagen triple helix. With the
involvement of true collagenases, the tropocollagen helix can further
unwind on speciﬁc sites, resulting in cleaving of the trocollagen mole-
cules [39]. Hence, the activity of MMP-2 and MMP-9 may also be
regulated by the level of MMP-7 activity and the inhibition of MMP-7
may provide a more eﬀective inhibition of dentinal gelatinase activities.
A real-time PCR study showed that MMP-7 is expressed only by
odontoblasts and is absent from pulp tissues; however, the role of MMP-
7 in mature odontoblasts is still unknown [3]. In the present study, the
presence of pro-MMP-7 has been shown in dentin extracts for the ﬁrst
Fig. 2. Extractable MMP-2, MMP-3 and MMP-7 (pg MMP /mg dry dentin) measured with multiplexed ﬂuorescent bead-based immunoassay from dentin after
demineralization in 10% phosphoric acid. Extractable MMP-2 was signiﬁcantly higher than MMP-3 and MMP-7 (p < 0.05).
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time; the zymogen pro-MMP-7 (approximately 20–25 kDa) was en-
zymatically and immunologically detected (Figs. 1 and 2). The speciﬁc
Ca and Zn requirements for the proteolytic activity of MMP-7, as de-
monstrated by 1,10-phenanthroline inhibition, conﬁrms that the pro-
tease is indeed an MMP with gelatinolytic activity. Results from that
inhibition experiment also excludes the presence of other MMPs such as
stromelysins or collagenases that have low speciﬁcity for gelatin. The
involvement of cysteine capthepsins can also be ruled out because ge-
latinolytic activity was observed when the gel was incubated with the
cysteine protease inhibitor E-64.
Immunohistochemical techniques, which use highly speciﬁc pri-
mary monoclonal antibodies, are advantageous in that they are able to
identify the precise composition and distribution of speciﬁc MMP mo-
lecules using both FEI-SEM and TEM. These approaches enable the
association between localization and function in-situ [4,40].
5. Conclusion
The multi-level biochemical and immunohistochemical approaches
employed in the present study identiﬁed MMP-7 as a constituent of the
human dentin matrix. Identiﬁcation of MMP-7 in human dentin re-
presents a step forward in the identiﬁcation of MMPs within the dentin
substrate. Inhibition of the MMP-7 should be considered due to the fact
that it regulates MMP-2 and -9 activity.
Declarations of interest
None.
Acknowledgments
The authors wish to thank Mr. Aurelio Valmori for technical assis-
tance, Dr. Fernando Nato and Miss Rosa Curci for laboratory assistance.
The study was partially supported with MIUR grants (Italy).
Fig. 3. Field emission in-lens SEM (FEI-SEM)
micrographs of unﬁxed, partially deminer-
alized dentin after a pre-embedding im-
munolabelling procedure with monoclonal
antibody for MMP-7. All images were obtained
by a combination of secondary electron and
backscattered electron signals to simulta-
neously reveal immunogold labelling and re-
lated substrate morphology. Labelling can be
identiﬁed as electron-dense white spots. (a)
Low magniﬁcation (×30,000) of the partially
demineralized dentin surface showing the dis-
tribution of MMP-7. (b) Higher magniﬁcation
(×50,000) of the dentin substrate showing
positive immunohistochemical staining identi-
fying MMP-7 antibody located along the col-
lagen ﬁbrils; (c) High magniﬁcation FEI-SEM
micrographs (×100,000), revealing MMP-7
distribution within the dentin substrate (d, e, f)
TEM micrographs of unﬁxed demineralized
dentin after a postembedding immunolabeling
procedure with monoclonal antibodies for
MMP-7. Labeling can be identiﬁed as black
spots under the electron beam showing posi-
tive immunoreaction for MMP-7 (d,e,f; bar
0.1 μm).
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